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Abstract 
The comprehensive characterization of microstructural changes caused by cyclic loading is of major importance for 
the understanding of basic fatigue mechanisms and for an optimized fatigue life calculation of metallic materials. 
Beside conventional strain measurements in recent years temperature and electrical resistance measurements were 
additionally used for the determination of fatigue relevant data during constant and variable amplitude loading.  
This paper presents selected results of the cyclic deformation behaviour of the quenched and tempered steel SAE 
4140 and the cast iron ASTM 80-55-06 (EN-GJS-600) based on mechanical stress-strain hysteresis, temperature and 
electrical resistance data. In general the resistivity of metals increases during cyclic loading as a function of the 
increasing defect density i. e. dislocation density, pores and microcracks. The electrical resistance offers additional 
information about the cyclic deformation behaviour also in the range of low loading amplitudes resulting in very low 
plastic deformation and in the case of materials with a very low ductility. Furthermore the electrical resistance is 
independent of a defined gauge length and also applicable to complex geometries like notched specimens. The used 
physical quantities are linked by cross-effects and directly related to fatigue induced microstructural changes in the 
bulk material. 
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1. Introduction 
The quantitative characterization of the microstructure is of prime importance for the understanding of 
individual fatigue mechanisms and the fatigue life calculation of metallic materials. This knowledge is a 
pre-condition for the exact dimensioning and optimized material selection for safe and economic 
operation conditions of metallic components. The traditional method to describe the cyclic deformation 
behaviour is the use of mechanical stress-strain hysteresis measurements [1]. But in recent years, it has 
become more and more common to complete the acquisition of mechanical data by additional thermal [2] 
and electrical [3,4] measurements. This paper mainly focuses on electrical resistance measurements which 
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depend on the resistivity. This yields additional information about the actual fatigue state of metalls 
especially for loading and material conditions leading to very small cyclic plastic deformations. In [3] 
basic investigations of cyclically deformed copper with respect to the resistivity are summarized. The 
plastic strain amplitude Ha,p, the change in temperature 'T and electrical resistance 'R are plotted versus 
the number of cycles N in cyclic ‘deformation’ curves. For the characterization of the cyclic deformation 
behaviour under service loading a test procedure was developed at the Institute of Materials Science and 
Engineering at the University of Kaiserslautern. The basic idea is to combine any kind of load spectra 
with constant amplitude measuring sequences at a stress amplitude below the endurance limit of the 
investigated material to prevent any additional fatigue damage caused by the measuring sequences. The 
average values of the measured quantities determined in the measuring sequences are plotted versus the 
number of cycles N* in cyclic ‘deformation’ curves for service loading.  
 
Nomenclature 
Ha,p plastic strain amplitude     DC direct current 
'T  change in temperature    f test frequency 
'R change in electrical resistance   LIT load increase test 
Va stress amplitude     N, N* number of cycles 
VRW endurance limit     R load ratio 
     SLT service load tests 
Carlos car loading standard    T1, T2, T3 thermocouples 
CAT constant amplitude test       
2. Investigated materials 
In this paper specimens of the quenched and tempered steel SAE 4140 (42CrMo4) [5] and specimens 
of the cast iron ASTM 80-55-06 (EN-GJS-600) [6] are investigated. The steel SAE 4140 was austenitized 
and quenched in oil, followed by tempering at 550°C for 120 min. The microstructure of the quenched 
and tempered steel SAE 4140 (Fig. 1a) is characterised by fine dispersed Fe3C carbides and ferrite in 
tempered martensite, resulting in a Vickers hardness of 345 HV30. 
 
                           a)                                                    b) 
 
 
Fig. 1: Scanning electron micrograph of the quenched and tempered steel SAE 4140 and the cast iron ASTM 80-55-06  
The cast iron ASTM 80-55-06 was provided by the Daimler AG in round bars with a diameter of 
36 mm and a length of 300 mm. Brinell hardness measurements yield values of 235±6 HBW30. Fig. 1b 
shows a scanning electron micrograph of the investigated material. The microstructure consists of a 
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pearlitic matrix with a ferrite content of 14.6±2 area-% and a graphite content of 9.8±0.8 area-%. As 
shown in Fig. 1b, ferrite is predominantly observed in seams surrounding the graphite nodules. The mean 
diameter of the graphite nodules was determined to 19.1±6.8 Pm. 
3. Experimental setup 
For the measurement of the plastic strain amplitude Ha,p, a commercial extensometer was used. The 
change in temperature 'T was measured with one thermocouple in the middle of the specimen gauge 
length (T1) and two thermocouples (T2 and T3) at the elastically loaded specimen shafts. For electrical 
resistance measurements a DC-power supply was fixed at both specimen shafts and 'R was measured 
with two wires spot welded at the transition of the gauge length and the shafts. The experimental setup is 
described in detail in [5,6]. The measured values Ha,p, 'T and 'R are plotted versus the number of cycles 
N in cyclic deformation, temperature and electrical resistance curves. Axial stress-controlled fatigue tests 
were performed at ambient temperature with a frequency of f = 5 Hz on servohydraulic testing systems. 
In load increase tests (LITs) and constant amplitude tests (CATs) a load ratio of R = -1 and triangular 
load-time functions were used. For service load tests (SLTs) the standardised Carlos (Car loading 
standard) lateral [7] load spectrum from the automotive industry and a new test procedure [5], developed 
at the Institute of Materials Science and Engineering at the University of Kaiserslautern, was applied. 
Short measuring sequences with a stress amplitude Va of about 80 % of the endurance limit of the material 
investigated were periodically inserted into the Carlos load spectrum. The average Ha,p, 'T and 'R values 
of each constant amplitude sequence are plotted as function of the number of cycles N* in cyclic curves  
corresponding to constant amplitude tests. Consequently, the fatigue behaviour and the proceeding fatigue 
damage under service loading can be described on the basis of cyclic deformation (Ha,p-N*), temperature 
('T-N*) and electrical resistance ('R-N*) curves. The constant amplitude sequences are included in N*. 
It was proved that the insertion of the constant amplitude sequences don´t cause any additional fatigue 
damage. 
4. Results 
Load increase tests (LITs) allow a reliable estimation of the endurance limit with one single specimen. 
In Fig. 2a, besides the stress amplitude Va, the plastic strain amplitude Ha,p, the change in temperature 'T 
and the change in electrical resistance 'R are plotted versus the number of cycles N for a LIT with the 
cast iron ASTM 80-55-06 (EN-GJS-600). The 'R-N curve indicates an initial decrease, caused by closing 
micro-cracks during the compression half cycles. Then, the courses of the change in electrical resistance 
'R are characterised by a saturation state between 6 · 104 and 1 · 105 cycles, followed by an increase 
indicating cumulative graphite-matrix debonding as well as micro-crack formation and growth. A 
significant change in the slope of the Ha,p-N, 'T-N and 'R-N curve of the LIT occurs at VRW, LIT = 220 
MPa. This stress amplitude can be used for the estimation of the endurance limit. The stress amplitude 
398 MPa leads to specimen failure. 
Fig. 2b shows the Woehler (S-N) curve of the cast iron. At the stress amplitude 240 MPa one specimen 
fails at 1.05ā106 cycles and one reaches of 2ā106 cycles without failure. For specimen loaded with Va  
230 MPa no failure was observed until 2 · 106 cycles. With an accordance factor of 96 % the endurance 
limit estimated in the LIT shows a very good accordance with the conventionally determined endurance 
limit in the CAT This result is very impressive when you take into account that you need only one 
specimen for the estimation of the endurance limit in the LIT. The basic requirement for this procedure is 
the application of high precision measurement technique like the change in electrical resistance.  
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Fig. 2: Continuous stress controlled load increase test with the material reaction based on Ha,p, 'T and 'R (a) and a Woehler 
curve (b) for the cast iron ASTM 80-55-06  
Constant amplitude tests (CATs) were performed with stress amplitudes in the range of 
230  Va  340 MPa at a testing frequency of 5 Hz. In Fig. 3a, the plastic strain amplitude is plotted 
versus the numbers of cycles.  
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Fig. 3: Cyclic deformation (a), temperature (b) and electrical resistance (c) curves at constant amplitude loading for the cast iron 
ASTM 80-55-06  
Already in the first cycle the Ha,p-N curves show instantaneous plastic strain amplitudes between 
0.015·10-3 for Va = 230 MPa and 0.12·10-3 for Va = 340 MPa. During further fatigue loading cyclic 
hardening dominates in the matrix until macroscopic crack growth. The increase in temperature in the 
'T-N curves (Fig. 3 b) is a consequence of the plastic deformation. After a certain delay caused by 
thermal conduction the 'T-N curves also describe the cyclic hardening due to decreasing plastic strain 
amplitudes. In Fig. 3c, the change in electrical resistance is plotted versus the numbers of cycles. At first, 
the 'R-values decrease from 0,00 P:to-2.81 P: for Va = 220 MPa and -1.32 P: for Va = 340 MPa as a 
702  Peter Starke et al. / Procedia Engineering 10 (2011) 698–703
result of cyclic hardening and closing of micro-pores. Fig. 4 shows a typical micro-pore for the 
investigated cast iron in a scanning electron micrograph. Then, with increasing numbers of cycles an 
enforced graphite-matrix debonding and micro-crack growth result in increasing 'R-N values. The CATs 
performed with stress amplitudes in the range 240  Va  340 MPa lead to numbers of cycles to failure 
between 2·104 and 1.05·106 whereas the CAT performed with Va = 230 MPa reaches 2·106 cycles without 
failure. 
 
                                a)                                                         b) 
 
 
Fig. 4: Scanning electron micrograph of a micro-pore (a) and detail (b) for the cast iron ASTM 80-55-06 
In addition service load tests (SLT) with the standardised load spectrum Carlos with the quenched and 
tempered steel SAE 4140 were performed. The Carlos load spectrum was delivered by the Fraunhofer 
Institute for Structural Durability and System Reliability (LBF), Darmstadt [7].  
In Fig. 5 cyclic deformation (a), temperature (b) and electrical resistance (c) curves for service loading 
with Carlos lateral are plotted. According to the test procedure mentioned before constant amplitude 
sequences with Va = 400 MPa were inserted in the Carlos spectrum to allow mechanical stress-strain-
hysteresis measurements. 
 
a)                                        b)                                             c) 
 
Fig. 5: Cyclic deformation (a), temperature (b) and electrical resistance (c) curves at service loading (Carlos) for the quenched 
and tempered steel SAE 4140 
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The maximum stress Vmax was varied between 900 and 1050 MPa. With increasing maximum stress 
the Ha,p, 'T and 'R values increase earlier and reach higher maxima, consequently the fatigue life 
decreases. As known from constant amplitude loading [5], the fatigue behaviour under service loading of 
quenched and tempered steel SAE 4140 is characterised by continuous cyclic softening. The service load 
test with Vmax = 900 MPa was stopped after 2 ā 106 cycles, i.e. 20 repeats of the complete Carlos lateral 
load-time history. These results confirm the enormous capacity of electrical resistance measurements in 
respect to cyclic deformation processes. Temperature and electrical resistance measurements can be 
realized without a cylindrical gauge length, e.g. in the case of notched specimens as well as in the case of 
non-closed hysteresis-loops what is very important for the on-line monitoring of fatigue processes during 
service loading.  
 
5. Summary 
This paper describes the cyclic deformation behaviour of the quenched and tempered steel SAE 4140 
and the cast iron ASTM 80-55-06 (EN-GJS-600) in load increase, constant amplitude and service load 
tests on the base of  mechanical stress-strain-hysteresis measurements change in temperature and 
electrical resistance measurements. Even in the case of non-cylindrical gauge lengths or non-closed 
hysteresis loops the change in temperature and electrical resistance can be used to characterize cyclic 
properties in detail. In general the electrical resistance of metals increases during cyclic loading as a 
function of the increasing defect density i. e. dislocation density, pores and microcracks. 
Load increase tests allow to estimate the endurance limit with one single specimen and show a very 
good accordance to the endurance limit determined in a conventional manner. With a test procedure 
which combines service load with constant amplitude sequences the proceeding fatigue damage under 
service loading can be described and evaluated on the basis of cyclic deformation, temperature and 
electrical resistance data corresponding to constant amplitude tests 
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